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ABSTRACT

Increases in hospital admissions and deaths are associated with increases in outdoor air
particles during wildfires. This analysis estimates the health benefits expected if interventions
had improved particle filtration in homes in Southern California during a ten-day period of
wildfire smoke exposure. Economic benefits and intervention costs are also estimated. The six
interventions implemented in all affected houses are projected to prevent 11% to 63% of the
hospital admissions and 7% to 39% of the deaths attributable to wildfire particles. The fraction
of the population with an admission attributable to wildfire smoke is small, thus, the costs of
interventions in all homes far exceeds the economic benefits of reduced hospital admissions.
However, the estimated economic value of the prevented deaths exceed or far exceed
intervention costs for interventions that do not use portable air cleaners. For the interventions
with portable air cleaner use, mortality-related economic benefits exceed intervention costs as

long as the cost of the air cleaners, which have a multi-year life, are not attributed to the short



wildfire period. Cost effectiveness is improved by intervening only in the homes of the elderly

who experience most of the health effects of particles from wildfires.
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Practical Implications

Practical and effective filtration interventions can reduce indoor exposure to particles from
wildfires. These interventions are expected to substantially reduce wildfire-related
hospitalizations and deaths. Public health officials may want to disseminate this information
and recommend filtration interventions in homes when wildfires are burning, particularly in
homes with elderly residents. At a minimum, operating existing home air filtration systems

continuously during periods of wildfire smoke exposure is recommended.

INTRODUCTION

Wildfires are a large source or particles and gaseous air pollutants that temporarily increase air
pollutant levels over hundreds to thousands of square miles (Confalonieri et. al. , 2007,
Langmann et. al., 2009, Delfino et. al., 2009, Wu et. al., 2006). Numerous studies have
examined whether adverse health effects increase in populations exposed to wildfire smoke,
with systematic reviews of the related literature provided by Kochi et. al. (2010) and Liu et. al.
(2015). The recently published review of Liu et. al. (2015) identified 61 related epidemiological
studies. In 43 of 45 studies with measures of respiratory morbidity as an outcome, there were

statistically significant associations of increased respiratory morbidity with wildfire smoke



exposure. Six of 14 studies reported statistically significant increases in cardiovascular
morbidity and nine of 13 studies reported statistically significant increases in mortality. Among
the reviewed studies, the durations and magnitudes of wildfire smoke exposure and the size of
the increased risks of adverse health effects varied widely. For example, the increases in
contacts with hospitals or clinics (often hospital admissions) during wildfires ranged from nil to
well over 100% and increases in mortality ranged from less than 1% to approximately 50%. In
general, the elderly and young children were found to more often experience adverse health
effects.

Johnston et. al. (2012) estimated that particles from wildfires increase global death rates by
339,000 per year; although this estimate relied on relationships of particle concentrations with

mortality not specific to wildfires.

Studies of the health effects of wildfires have compared incidence of health outcomes during
periods with and without wildfire smoke exposure, often in comparison to control populations
with no wildfire smoke exposure during the same time periods. Often, the exposure metric has
been dichotomous, i.e., exposed or not exposed to wildfire smoke. Some studies have assessed
the associations of health outcomes with particle levels during periods with and without
wildfire smoke exposure, e.g., (Kochi et. al., 2010, Delfino et. al., 2009, Rappold et. al. , 2014)

and other studies reviewed by Liu et. al. (2015).

Most of wildfire-health literature assumes that adverse health effects are largely a

consequence of increased particle exposures. This expectation is consistent with the very high



concentrations of particles and more moderate concentrations of gaseous pollutants, although,
data on gaseous pollutants from wildfires are sparse. This expectation appears to also be driven
by the finding that particles in general urban air are a larger source of adverse health effects
than gaseous air pollutants (EPA, 2011a) and is to a limited extent supported by mechanistic

evidence (Tan et. al., 2000, Swiston et. al. , 2008, Kim et. al., 2014).

The adverse health effects of wildfire smoke are expected to increase as the climate changes
due to increases in the number and severity of wildfires (Fisk 2015). Spracklen et. al. (2009)
estimated that, by 2050, climate change will cause a 54% increase in the average area burned in

the western United States.

Given the demonstrated adverse health consequences of wildfires that are expected to
increase with climate change, information on the effectiveness of mitigation options is needed.
This paper estimates the potential health benefits and costs of improving particle filtration in
homes. The analysis is performed for a six-county region in Southern California with
substantially increased particle concentrations during wildfires in 2003. This particular wildfire
case is employed for the evaluation because particle levels in the exposed population have
been assessed in detail (Wu et. al., 2006), hospital admission rates have been related
guantitatively with particle levels (Delfino et. al., 2009), and effects on mortality have been

estimated (Kochi et. al., 2012).



METHODS

Interventions and Model Description

This analysis estimates the magnitude of reduced hospital admissions and premature deaths
that would have occurred if residential indoor particle filtration interventions had been
implemented in the homes of six Southern California counties during a wildfire in year 2003.
Mass balance models are used to estimate the mass concentrations of particles, from outdoor
air, less than 2.5 um in diameter (PM2.5) in homes with and without interventions. Other mass
balance models estimate PM2.5 concentrations at non-home indoor locations, and in vehicles.
Total inhalation intake of PM2.5 from outdoor air is calculated, accounting for time spent in
different environments and inhalation rates. Assuming that health effects are proportional to
total PM2.5 intake, the interventions are associated with equivalent reductions in outdoor air
PM2.5 levels during the wildfire event. These projections are used together with published
relationships between hospital admission rates and outdoor air PM2.5 levels during the 2003
wildfire, to estimate the fractional reductions in hospital admissions associated with the
interventions. The fractional reductions in admission are combined with data on numbers of
admissions, to estimate the avoided hospital admissions. Additionally, the projected reductions
in PM2.5 intake are used together with a published estimate of excess deaths from the 2003
Southern California wildfire, to estimate the deaths prevented by the interventions.
Intervention costs and health-related financial benefits are also estimated. Calculations are

performed assuming interventions in all homes. Since a large majority of the wildfire-related



hospitalizations (Delfino et. al., 2009) and deaths (Kochi et. al., 2012) associated with the 2003
Southern California wildfires occurred for residents with age greater than or equal to 65,
additional calculations were performed assuming interventions in the 22% of homes in the

study area with residents in this age range (U. S. Census Bureau, 2014).

The interventions reduce exposures to particles that are generated by the wildfire and
exposures to particles from other sources. Thus, the health effects prevented by the
interventions are health effects associated with PM2.5 from the wildfire and from other

sources during the wildfire period.

Table 1 summarizes the baseline and intervention conditions and links interventions to baseline
conditions. We assume that windows are maintained closed during the period of wildfire smoke
exposure and that the home is ventilated by air infiltration, since a very small fraction of homes
have mechanical ventilation. In the first baseline (B1), the home has an intermittently operating
central forced air heating and cooling system with a typical low-efficiency particle filter. In the
second baseline (B2), the home has no central forced air system. Baseline case B2 may also
apply to homes with a moderate amount of use of window air conditioners as the limited
available literature indicates low rates of PM2.5 removal by window air conditioners (Mak et.
al., 2011, Batterman et. al., 2012).. Interventions i1 —i5 use B1 as the reference. In
intervention 1 (i1), the forced air heating and air conditioning system fan is operated
continuously during the period of wildfire smoke exposure with no change in the type of filter

in the system. In i2, the forced-air fan is operated continuously and the filter is upgraded to a



high-efficiency filter. In i3, the filter is upgraded to a high efficiency filter but the forced air
system operates in its normal intermittent mode. In i4, a portable air cleaner with fan and
particle filter is operated in the home during the period of wildfire smoke exposure and the
forced air heating and air conditioning system fan operates continuously with no filter system
upgrade. In i5, a portable fan filter unit is operated in the home during wildfire smoke
exposure, the forced air heating and air conditioning system fan operates continuously, and the
filter in the forced-air system is upgraded to a high efficiency filter. Intervention i6 uses B2 as
the reference. In i6, a portable fan filter unit is operated in the home during the period of
wildfire smoke exposure and the home has no forced air system with filtration.

Table 1. Baseline and intervention conditions.

Baseline or Conditions
. Reference . Efficiency of Filter Continuously
Intervention .. Forced Air System . . . .
Condition . in Forced Air Operating Portable Air
code Operation
System Cleaner

B1 NA Intermittent Typical low No

B2 NA No forced air NA No

il B1 Continuous Typical low No

i2 B1 Continuous Upgraded to high No

i3 B1 Intermittent Upgraded to high No

i4 B1 Continuous Typical low Yes

i5 B1 Continuous Upgraded to high Yes

16 B2 No forced air NA Yes

In subsequent text, all references to indoor or in-vehicle particle concentrations are
concentrations of particles originating from the outdoor air. For baseline cases, the residential
indoor air concentrations of PM2.5 were estimated using equations 1 - 4, based on steady state

mass balances for a well-mixed indoor air volumes.

Cp1 = Kp1 Cp (1)
Cpz = Kp Cp (2)
Kg1 = PAy /(Ay + Ap + AF) (3)



Kz =Py /(Ay + 2p) (4)
where Cgz and Cg; are the residential indoor PM2.5 concentrations of particles from outdoors in
baseline cases B1 and B2 without any interventions, P is the particle penetration factor, i.e., the
fraction of particles that penetrate through the building envelope during air infiltration
(dimensionless), Av is the ventilation rate, Ap is the rate of particle removal by deposition on
indoor surfaces, and Ar is the rate of particle removal by the home’s forced air heating and air
conditioning system in the absence of an intervention. In these and subsequent equations,
particle concentration are in units of ug m=3, and all A parameters are normalized by the indoor
volume and have units of h'. The parameter Af is calculated from equation 5

Ar=QD¢g (5)
where Q is the air flow rate of the forced air heating and air conditioning system divided by the
indoor volume, D is the fraction of time that the forced air fan operates, sometimes called the
duty cycle, and g is the PM2.5 removal efficiency of the low efficiency filter normally used in

the forced air system, i.e., unaffected by an intervention.

Because we assume that the health effects depend on the total inhalation intake of particles,
we require estimates of particle concentrations when indoors and away from the home, e.g.,
when at work, school, or in stores. We assume these buildings have air infiltration plus
continuous mechanical outdoor air ventilation and indoor air recirculation, with the incoming
outdoor air and recirculated air passing through a particle filter. Under these conditions, the
mass balance equation for the indoor concentrations of particles is

with



Ky = (1 = ey)Ayw + AP )/ Qi+ Auw + Apw + &w Arw) (7)

where Cw is the indoor concentration at work, school, or other indoor non-residential locations,
ew is the PM2.5 removal efficiency of the particle filter, Amw is the flow rate of outdoor air
supplied mechanically, Aw is the air infiltration rate and Apw is the particle deposition rate in
buildings other than homes, and Arw is the mechanical recirculation air flow rate in buildings
other than homes. The total ventilation rates in buildings other than homes, denoted Avw,
equals the sum of Amw and Aw, thus, we will be required to assume a partitioning of measured

values of Avw into Amw and Aw.

The particle concentration in vehicles (Cv) is estimated as a fraction of the outdoor air
concentration, i.e.,
CV == KV Co (8)

with Ky based on empirical data.

For intervention cases i1-i6, the residential indoor particle concentrations Cyare calculated as
follows

Cy=KyC, forN=1-6 (9)

Ky=PA, /J(Ay + Ap +4Ay) forN=1to6 (10)
with Ay, for N = 1 to 6, equal to the rates of particle removal by filtration during interventions
i1 through i6, respectively. Values of An are calculated as follows

AM=0 g (11)

Ay = Qey (12)



A3 = QDey (13)

Ay =Q¢& + Qp &p (14)
As=Qéey+ Qp & (15)
e = Qp &p (16)

where ey is the PM2.5 removal efficiency of the higher efficiency filter in the forced air system

during interventions i2, i3, and i5, Q is the air flow rate in the forced air heating and cooling

system divided by the indoor volume, Qp is the air flow rate of the portable air cleaning system

divided by indoor volume, and g, is the PM2.5 removal efficiency of the portable air cleaner.

The decrease in indoor PM2.5 concentration as a consequence of interventions equals Css
minus Cy for interventions 1 through 5 and Cg2 minus Cs for intervention 6. However, as
discussed subsequently, changes in hospital admission rates have been related to changes in
outdoor PM2.5 concentrations during a wildfire, even though the outdoor air PM2.5
concentration is not an accurate indicator of actual total PM2.5 exposure. We assume that
hospital admission rates from wildfire smoke exposure are proportional to total intake of
PM2.5 from wildfires. PM2.5 intake in each environment is the product of the inhalation rate,
PM2.5 concentration, and time spent in that environment, and the total PM2.5 intake is the

sum of the PM2.5 intake when outdoors, at home, at other indoor locations, and in vehicles.

We separate time at home into time at sleep and time at home awake, because inhalation rates

are diminished when sleeping. Thus, for baseline cases B1 and B2, and for interventions il
through i6, total PM2.5 intake is calculated as follows
Ig1 = Co(Bo Tp + Bs Kp1 Ts + ByaKp1Tya + BwKwTw + By Ky Ty) (17)

Ig; = Co(Bo To + Bs Kg,Ts + ByaKgTya + BywKwTw + By Ky Ty) (18)
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Iy =Cp (Bo Typ + BsKy Ts + ByaKnTya + BwKwTw + By Ky Ty) forN=1to6  (19)
where: Is; and Igz are the PM2.5 intake for baseline conditions B1 and B2; Iy is the PM2.5 intake
for intervention N; Bo, Bs, Bna, Bw, By are inhalation rates when outdoors, at home asleep, at
home awake, at work and other indoor locations, and in vehicles; and To, Ts, THa, Tw, and Ty

are the times spent in the same environments.

Because hospital admission rates have been related to outdoor air PM2.5 concentration, to
estimate the health benefits of interventions we calculate an effective outdoor air PM2.5
concentration, designated Cog, that produces an intake for PM2.5 equal to /n. The interventions
reduce PM2.5 intake by Al, where
Al = Igy— Iy = Co(BsTs + ByaTya) (Kgs —Ky) forN=1to5 (20)
Al = Ipy — Iy = Co (BsTs + ByaTha) (Kpz —Kg) forN=6 (21)
For baseline B1, applicable to i1 —i5, reducing Co to Coe reduces PM2.5 intake by

Al = (Bo Tp + Bs Kg1 Ts + Bya Kp1 Tua + By Ky Tw + By Ky Ty )(Co — Cop) (22)
forN=1-5

and for baseline B2 applicable to i6, reducing Co to Coe reduces PM2.5 intake by

Al = (Bo Tp + Bs Ky Ts + Bya Kgz Tya + Bw Ky Ty + By Ky Ty )(Co — CoE) (23)
forN=6

Combining equations 20 and 22 and solving for Coe yields

(Bo To+ Bs Kp1 Ts+ Bua Kp1 Tga+ Bw Kw Tw+By Ky Ty

Cog = forN=1to5 (24)

Similarly, combining equations 21 and 23 and solving for Coe yields

Co (Bo To+ Bs K¢ Ts+ Bya K¢ Tya+ Bw Kw Tw+By Ky TV)
(BoTo+ Bs Kp2 Ts Bpa Kp2 THat Bw Kw Tw+By Ky Ty

Cop = forN=6 (25)
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We employ measures of risk determined from studies of the 2003 Southern California wildfire
to relate PM2.5 concentrations with adverse health effects. Risk parameters based on the many
studies of how typical urban particle levels influence health may not apply for wildfire periods
of shorter duration with particles that may differ physically and chemically from typical urban
air particles. Delfino et. al. (2009) evaluated the relationship of hospital admission rates for
various health outcomes, e.g., asthma, pneumonia, with outdoor air PM2.5 concentrations
during the 2003 Southern California wildfire, while controlling for other factors. For the six-
county study region, they provide fractional increases in hospital admission rates during the
wildfire period per 10 ug m3 increase in outdoor air PM2.5 concentrations, as well as average
PM2.5 concentrations in each county, before, during, and after the wildfire. Using population
data for each county as reported in the 2000 Census, county-population-weighted average
PM2.5 concentrations during wildfire and non-wildfire periods were 56.9 and 21.6 pg m3. The
fractional change in hospital admissions for health outcome “j” per 10 ug m-3 change in outdoor
air PM2.5 concentration will be denoted X;. Thus, the fractional reductions in hospital admission
rates R; expected from a filtration intervention are calculated from the expression

Rj = 0.1X; (C, — Cpe) (26)
with the PM2.5 concentrations in units of micrograms per cubic meter. For comparison, limited
supplemental calculations were also performed based on an exponential dose-response

relationship, which is commonly used for particles (Abt Associates, 2003)

R; = Exp(f APM) — 1 (26b)
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where [ is a coefficient determined from empirical data and APM is the change in particle
concentration. For our application, APM was replaced by the change in Cor and 3 was derived
from the values of X;. in Delfino et. al. (2009).

Equation 27 is used to estimate the numbers of prevented admissions S; to the hospital when
an intervention is implemented,

Si = R; N; (27)
where N; is the total number of hospital admissions for outcome j during the wildfire period
with N; calculated as indicated subsequently in equation 29. Delfino et. al. (2009) provided
values of total admissions Aj for their total study period which included 20 days before the
wildfire, 10 days during the wildfire, and 16 days after the wildfire. They also provided relative
rates RR; of hospital admissions for each health outcome for each of the three time periods,
assigning a relative rate of unity to the pre-wildfire period. Using this information, the numbers
of hospital admissions (N; ) for health outcome j during the wildfire period were estimated as
follows

Aj = 20Y; + 10 RR; witarireY; + 16 RR} post witarire ¥j (28)

N; = 10 RR; wiafire Y; (29)

with Y equal to the number of admissions per day for outcome j in the pre-wildfire period.

The economic value of prevented hospital admissions Vris calculated from the numbers of

prevented admissions and the unit value U; of prevented admissions.

Ve = 23S U; forj=1, or for j= 2-5 (30)
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where j equals one for all respiratory admissions and values of j from two to five indicate

specific types of respiratory admissions described subsequently in Table 3.

Kochi et. al. (2012) estimated that the wildfires in Southern California during 2003 were
associated with 133 excess cardio-respiratory deaths with 95% confidence limits of 26 to 262,
with a normal distribution. The number of cardio-respiratory deaths in the reference period
was 536, consequently the increase of 133 deaths is a 25% increase. Assuming that this
association is valid and that excess deaths vary in proportion to total PM2.5 intake, the number
of deaths My prevented by interventions 1 through 6 are estimated with the following equation

My =133 (Igy — In)/ Ip1 (31)
For comparison, limited calculations were performed assuming an exponential dose-response
relationship

My = Mggr (EXP (a APM) — 1) (31b)
where Mger is reference number of deaths in the absence of wildfire pollution and o is
determined from empirical data. Kochi et. al. (2012) did not provide sufficient data to calculate
a; however, their data enabled calculation of the product of a and APM. For interventions, the
product of oo and AP was down-scaled as follows

(B APM)y = (BAPM)p (1= =) (31¢)
where subscripts N and B refer to the intervention number and baseline case, respectively.
The economic value of prevented deaths Fy is

Fy = My Up (32)

where Up is the unit value of an avoided death.
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For intervention i1, the only expense is the cost of operating the fan of the central forced air
heating and cooling system continuously, as opposed to intermittently as needed for air
conditioning, during the ten-day period of wildfire smoke exposure. Thus,

E; =240 (1—-D)Z QV (1/3600) G (33)
where E; is the expense (S), 240 equals the hours in the 10-day period of wildfire smoke
exposure, Z is the power consumption of the fan per unit air flow (W m-3s?), V is the house
volume (m3), G is the electricity price (S per Watt-hour) and 3600 is a conversion factor
(seconds per hour). We assume the same cost of operating the forced air fan continuously in
intervention i2 despite the higher efficiency filter in i2. In some forced air systems, with a higher
efficiency and higher pressure-drop filter installed the air flow rate will decrease modestly and
fan power will also decrease modestly (Stephens et. al., 2010, Walker et. al. , 2013). In other
forced air systems that automatically seek to maintain the air flow rate constant as pressure
drop increases, fan power will increase modestly (Stephens et. al., 2010, Walker et. al., 2013).
Ini2, there is an incremental expense (En ) for the high efficiency filter relative to a standard
low efficiency filter. Therefore,

E;, =E; + Ey (34)
For intervention i3, the only expense is the incremental cost of the higher efficiency filter

E; = Ey (35)
For intervention i4, the expense is

E, = E, +240Z,Qp V (1/3600) G + Ep (36)
where Zp is the power consumption of the portable air cleaner fan per unit air flow (W m-3s?)
and Ep is the cost of the portable air cleaner. For i5 and i6, the expense is

15



Eg = 240 Zp Qp V (1/3600) G + Ep (38)
Equations 33 through 38 indicate intervention costs per housing unit. Total costs are
determined by multiplying with the number of housing units in the six-county region or by 22%
of this number (U. S. Census Bureau, 2014) for the subpopulation with age greater than or

equal to 65.

Model inputs and calculation methods

Many model inputs were required to implement the mass balance and inhalation rate
calculations. Tables 2 provides parameter values or distributions and the Supplemental
Information provides associated charts, detailed descriptions of the basis for parameter values,
and applicable references. For housing characteristics, data from Southern California homes
were used when possible. We assumed that windows are maintained closed during the period
of wildfire smoke exposure. For interventions i2, i3 and i5, we assumed use of a higher
efficiency filter, with a Minimum Efficiency Reporting Value (MERV) rating of 12, in the forced
air systems of homes. Based on estimates of the extent of air leakage around filters in
residential forced air systems, VerShaw et. al. (2009) estimated that the effective Initial
Efficiency Reporting Value (IERV) of IERV 11 filters is typically reduced by three units to IERV 8.
The IERV value is the MERV value of a clean (unused) filter. Accordingly, we assumed a three-
unit reduction in the effective MERV rating for a MERV 12 filter, resulting in an effective MERV
value of 9. For interventions i4 through i6, a portable fan filter unit with HEPA filter is operated.

We assumed that the product of the unit’s air flow rate and particle removal efficiency divided

16



by the indoor air volume is 1 h'l. We also assumed that people have the same average

inhalation rate when awake at home, at other indoor locations, and in vehicles.

Table 2. Values for parameters in mass balance and inhalation rate calculations*.

Parameter Value(s) Parameter Value(s) Parameter Value(s)
v (h?) GM 0.60 GSD 2.32 L () AM 0.12 SD 0.06 To (%) 7.5,7.2,0%**
vw (h) GM 1.06 GSD 2.56 en () AM 0.27 SD 0.12 Tv (%) 5.5,5.9, 0***
Aw (D) 0.1 €p Qp (h?) 1.0 Bs (m*h?) 0.58, 0.61, 0.52***
Arw (hY) AM 3.42 SD 2.79 ew () AM 0.27 SD 0.12 Bha (m3h1) 0.71, 0.75, 0.64***
b (h?) AM 0.39 SD 0.08 Kv (-) AM 0.6 SD 0.06** Bw (m3h) 0.71, 0.75***
Aow (hY) AM 0.39 SD 0.08 V (m?3) GM 404 GSD 1.47 Bo (m®*h?) 0.83,0.86***
P(-) AM 0.97 SD 0.06** Ts (%) 37.0,34.6, 36.2*** Bv (m3h') 0.71, 0.75***
Q (h?) GM 4.36 GSD 1.44 Tha (%) 32.0, 33.6, 63.8*** Co (ug m™) 56.9
D (h) AM 0.18 SD 0.09 Tw (%) 17.7,18.6, 0***

*GM = geometric mean, GSD = geometric standard deviation, AM = arithmetic mean, SD = standard deviation
**cropped normal distribution with minimum of zero and maximum value of 1.0
***first value is for all ages, second value is for age greater than 20, third value is for age 265, see supplemental
information for more details

Values of the parameters from Delfino et. al. (2009) used to estimate hospital admission rates

with outdoor air PM2.5 concentrations are provided in Table 3.

Table 3. Values of parameters used to relate PM2.5 levels with hospital admissions.

.. Xi RR;,wildfire RR; post-wildfire )
Type of Admission (95% Cl) (95% CI) (95% CI) A
. . 0.028 0.961 1.143
All respiratory (j=1) (0.014 — 0.041) (0.916 — 1.008) (1.072 - 1.219) 21019
- 0.048 1.088 1.264
Asthma (j = 2) (0.021 - 0.076) (0.965 — 1.227) (1.085-1.473) 3022
Acute bronchitis or 0.096 1.143 1.482 618
bronchiolitis (j=3) (0.018 - 0.179) (0.878 — 1.490) (1.042-2.109)
COPD,age 20-99 0.038 0.988 1.043 1860
(j=4) (0.004 — 0.075) (0.875 — 1.115) (0.885-1.228)
o 0.028 0.943 1.204
Pneumonia (j = 5) (0.007 — 0.050) (0.868 — 1.025) (1.158-1.446) 6440

Note: values of Xj are per 10 pg m™.

In the calculations for age greater than and equal to 65, we used values of Xj, RR; wiidfire,

RR; postwildfire, and A; from Tables 3 and 4 of Delfino et. al. (2009) for that age range. For these

calculations, we assumed that, with and without an intervention, this elderly subpopulation
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remained indoors at home 100% of the time during the period of wildfire smoke exposure,
asleep 36.2% of the time (EPA, 2011b), although in general this population is indoors at home

81% of the time (Klepeis et. al. , 2001).

Table 4 provides values for parameters used in the economic benefit and cost benefit analysis.
The costs for respiratory hospital admissions are costs per admission adjusted to year 2003
based on the medical care consumer price index (U.S. Census Bureau, 2012). Energy, airflow,
and cost data for two different portable air cleaners were considered for interventions i4 — i6.
The less expensive Brand X unit contains a prefilter that incorporates activated carbon and a
high efficiency particle filter. The more expensive Brand Y unit contains a prefilter, a high
efficiency particle filter and limited media to remove gaseous pollutants, and has a more energy
efficient fan system. We assumed that to provide one indoor air volume per hour of filtered air
the air cleaner’s clean air delivery rate for smoke in cubic meters per hour must equal the
house volume in cubic meters. The clean air delivery rate is a performance metric available for
most air cleaners. The cost values for air cleaners in Table 4 are for a typical 433 m? house. The
Brand X air cleaner has a clean air delivery rate for smoke that was 24% above 433 m3 h'%, thus,
in Table 4 the published unit cost was divided by 1.24. The Brand Y air cleaner has a clean air
delivery rate for smoke that was 76% of 433 m3 h%, so the unit cost in Table 4 was divided by

0.76. In the modeling, air cleaner costs and energy use were scaled with house volume.
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Table 4. Parameter values for cost-benefit analysis.
Parameter Value Reference(s) Comment
All respiratory

o 22,300 (RTI International, 2015) Year 2000 dollars adjusted to 2003
admission (S)
Asthma admission (S) 12,800 (RTI International, 2015) Year 2000 dollars adjusted to 2003
Bronchitis or Geometric mean value for
bronchiolitis admission 7,100 (Hasegawa et. al., 2013) bronchiolitis in 2003, median is
(S) $6637
COPD admission (S) 14,100 (EPA, 2011a) Year 2006 dollars adjusted to 2003
P”e“mc’"'(z)adm'ss'on 20,000 (RTI International, 2015) Year 2000 dollars adjusted to 2003
Premature death ($) 8.04 (Industrial Economics Inc., Linear interpolation between
million 2011) estimates for 1990 and 2020
Z(Wm?3 s?) 1,090 (Proctor and Parker, 2000) Weighted ayerage of vaI}Jes
measured in three studies
L (Energy Information Average residential electricity retail
G(5W*h) 0.000132 Administration, 2015) price in 2003 in California
Average of price for MERV 11 and
Airfiltersdelivered.com MERV 13 filters minus average of
En ($) $3.30 . L . )
Discount air filters.com price MERV 6 or MERYV 8 filters, all
for mid-size 2.54 cm deep filters
Zo (Wm? sY) 602 www.air-purifiers-america.com For Brand X
495 manufacturer’s specifications For Brand Y
Er ($) 239 www.air-purifiers-america.com For Brand X
607 www.allergyandair.com For Brand Y
Housing units 692 http://f:enstats.census.gov/cgi- Total housing units ir.1 2003 in six-
million bin/usac/usatable.pl county region

The model was implemented using R software. Distributions of PM2.5 inhalation intake rates in
homes and in other microenvironments were modeled by sampling from distributions of input
parameters, as specified in the supplemental material. Sampling from the distribution of input
parameters was continued until results of calculations were stable within three significant
figures. The resulting distributions of PM2.5 intake rates were used to calculate values of the
population mean effective outdoor air PM2.5 concentrations (Coe) that correspond to intake
rates of PM2.5 for the different interventions considered. Estimated reductions in hospital
admissions and premature deaths were calculated using the population mean Cor values for the
different interventions. For each intervention, cost savings were computed for prevented

hospital admissions and prevented premature deaths. The 95% confidence intervals that we
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provide for prevented hospital admissions and prevented deaths, and the 95% confidence
intervals in the associated costs savings from prevented admissions and deaths, are based only
on the confidence intervals of Delfino et. al. (2009) for the values of Xj and the confidence
intervals of Kochi et. al. (2012) for number of deaths. The distributions of other model input
parameters were assumed to primarily reflect variability, rather than uncertainty.
Consequently, our 95% confidence intervals do not account for all sources of uncertainty. The
central estimates of cost of interventions and the corresponding 5th and 95th percentile
estimates were computed for the homes modeled by calculations that again sampled from the

distributions of input parameters.

RESULTS

Table 5 provides mean, median, and fifth and ninety fifth percentile PM2.5 concentrations in
each environment type, and in the homes with and without the interventions. Figure A1l in the
Supplemental information shows the distributions graphically. The percentage reductions in
mean PM2.5 concentrations in homes associated with the interventions, also in Table 5, range
from 11% to 62%. The nearly no-cost option (i1) of running the HVAC fan continuously with no
upgrade in filter efficiency reduces the mean PM2.5 concentration by 24% while continuous fan
operation plus a filter efficiency upgrade (i2) approximately halves the PM2.5 concentration.
Upgrading the filter efficiency without continuous fan operation (i3) leads to only an 11%
reduction in mean particle concentrations. Use of portable continuously operating air cleaners
in combination with continuous HVAC operation with low efficiency filters (i4), and high

efficiency filters (i5), reduces mean PM2.5 concentrations by 51% and 62%, respectively. The
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portable air cleaner, reduces the predicted mean PM2.5 concentration by 45%, in homes

without forced air HVAC systems (i6).

Table 5. Predicted PM2.5 concentrations (ug m3).

Environment Mean | % Decrease | Median | 5" Percentile | 95 Percentile
Work/School* 21.5 -- 20.8 5.8 39.6
Vehicle 34.1 -- 34.1 28.5 39.8
Home Baseline 1 29.2 -- 29.6 12.1 45.2
Home Baseline 2 31.9 -- 32.6 14.6 46.8
Home il 22.1 24 21.3 6.8 40.2
Home i2 15.5 47 13.8 3.7 33.0
Home i3 26.1 11 26.0 9.5 43.2
Home i4 14.2 51 12.7 3.7 30.0
Home i5 11.2 62 9.5 2.6 25.5
Home i6 17.4 45 16.1 5.2 33.9

*and other non-residential indoor locations

Table 6 provides the predicted time-average PM2.5 intake rates. Because the interventions
have no influence on PM2.5 intake away from the home, for the all-age population, the
percentage reductions in PM2.5 intake rates associated with the interventions are
approximately 60% of the percentage reductions in PM2.5 concentrations in the homes. Table
A3, in the supplementary information, provides the corresponding values of effective outdoor-
air PM2.5 concentration. Note that for intervention i5, the effective outdoor-air PM2.5
concentration for the population with age greater than or equal to 65 is below the background

level of PM2.5 concentration reported for the period without wildfire smoke exposure.
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Table 6. Time average PM2.5 intake rates (ug h).

All ages Age >20 Age 265
Con- % % %
dition Me- | 5t | g5t Me- | 5t | 95t Me- = 5t | g5t
Mean Reduc| o0 ole | ohile | MM Reduc o oile | oile | Me3N Reduch o %ile | %ile
-tion -tion -tion
Bl | 205 - | 207 127 | 279 | 216 @ - | 217 133 | 294 174 176 | 7.2 | 270
B2 | 217 - | 22 | 138 | 287 | 228 @ - | 231 145 | 302  19.0 194 @ 87 | 279

il 17.4 15 17.1 | 10.2 | 25.7 | 183 15 18 10.8 27 13.2 24 127 | 41 24.0

12 14.4 30 13.8 8.6 224 | 15.2 30 14.5 9.1 23.6 9.2 47 8.2 2.2 19.7

i3 19.2 6 19.1 | 115 27 20.1 7 201 | 12.1 | 284 | 156 1 15.5 5.7 25.8

i4 13.9 32 133 8.6 21.2 | 146 32 14 9 223 8.5 51 7.5 2.2 17.9
i5 12.6 39 12 7.9 19.2 | 13.2 39 12.6 8.3 20.2 6.7 62 5.7 1.5 153
16 15.3 29 14.8 9.4 22.9 16 30 15.5 9.8 24 10.4 45 9.6 3.1 20.3

The estimated total numbers of hospital admissions and wildfire-related excess deaths during
the wildfire period, and the estimated numbers of admissions and deaths prevented by the
interventions, are provided in Table 7. With interventions implemented in all homes, total (all
types of respiratory) hospital admissions decrease by 47 to 261 and the estimated numbers of
prevented deaths range from 9 to 52. For the interventions only in homes of residents with age
greater than or equal to 65, the estimate of prevented hospitalizations due to pneumonia and
prevented deaths are even larger than for the case of interventions in all homes. Larger
predicted health benefits occur for these outcomes because a large majority of the health
effects occur in the elderly and because, for the scenario with interventions only in homes of
the elderly, we assumed that the elderly remained indoors at home throughout the period of
wildfire smoke exposure, making the interventions more effective in reducing PM2.5 intake.
Table A4 in the Supplemental Information provides percentage reductions in the increases in
wildfire-related hospital admissions and deaths for each intervention. For interventions in all
homes and considering the full exposed population, hospital admissions are decreased by 11%

to 63% of the increase in admissions during the wildfire period, and deaths are decreased by 7%
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to 39% of the increase in deaths during the wildfire period. For interventions only in homes
with residents age 65 and older, and considering only this sub-population, hospital admissions
are decreased by 20% to 105% of the increase in admissions during the wildfire and deaths are
decreased by 12% to 65% of the increase in deaths during the wildfire period. For intervention
i5 and the elderly population, prevented hospital admissions exceed the increase in admissions
during the wildfire, because the intervention reduces PM2.5 intake below the level reported for
periods without a wildfire. Calculations based on exponential dose-response equations, in place
of the linear equations, yielded very similar prevented admissions and deaths. For the all-
respiratory category of admissions and the full (all-age) population, the exponential model
yielded percentage reductions in hospital admissions that were one to two percentage points
larger than the linear model, corresponding to a relative 4% more prevented admissions. For
deaths, the exponential model yielded percentage reductions in deaths that were one to three
percentile points larger than the linear model, with the maximum relative increase of 9% in

prevented deaths.
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Table 7. Estimated baseline numbers of hospital admissions and wildfire-caused premature

deaths during the wildfire period and estimated reductions due to the interventions.

. Baseline Interventions — Number of cases prevented (95% confidence interval)
Baseline total | .
. increased
Outcome admissions admissions or
during . i1 i2 i3 i4 i5 i6
wildfire* deatt.ls c!urmg
wildfire
Interventions in all homes
All 4217 417 106 201 47 219 261 202
respiratory | (3993-4454) | (265-655) | (67-167) | (128-317) | (30-74) |(140-345) | (166-411) |(129-318)
Asthma 643 109 28 53 12 57 68 53
(561-738) (62-192) (16-49) (30-93) (7-22) | (33-101) | (39-120) | (30-93)
Acute
bronchitis 128 43 11 21 4.9 23 27 21
and (94-175) (19-99) (4.9-25) | (9.2-48) | (2.1-11) | (10-52) (12-62) | (9.3-48)
bronchiolitis
COPD 607 81 21 39 9.1 43 51 39
(Age = 20) (529-696) (32-207) (8.1-52) | (15-100) | (3.6-23) | (17-108) | (20-129) | (16-100)
Pneumonia 1211 120 30 58 13 63 75 58
(1100-1334) (56-257) (14-65) | (27-124) | (6.3-29) | (29-135) | (35-161) | (27-124)
Premature 133 21 40 9.3 43 52 40
death B (26-262) (4.1-41) | (7.8-79) | (1.8-18) | (8.5-86) | (10-102) | (7.8-79)
Interventions in homes with residents age > 65
All 1829 194 84 158 38 171 203 152
respiratory | (1684 -1988) | (105-358) | (46-156)| (85-291) | (20-70) | (93-317)| (110-375) | (82 - 281)
Asthma 108 38 17 31 7.4 34 40 30
(78 - 148) (18-81) (7.9 - 35) (15 - 66) (3.5-16) | (16-71) | (19-84) | (14-63)
Acute
bronchitis 34 17 7.5 14 3.4 15 18 14
and (18 - 66) (7-46) (29-20) | (5.3-37) |(1.3-9.0)| (5.8-40) | (6.9-48) | (5.2-36)
bronchiolitis
COPD 427 47 20 38 9.1 41 49 37
(Age 2 20) (363 - 501) (12-176) | (5.4-77) | (10-143) | (2.4-34) | (11-156) | (13-185) | (10-138)
Pneumonia 752 77 34 63 15 68 81 60
(664 - 853) (30-196) (13-85) | (25-159) | (5.9-38) | (27-173) | (32-205) | (24 - 154)
Premature 113 31 57 14 62 73 55
death B (22-223) | (6.0-60) | (11-112) | (2.7-27) | (12-122)| (14-145) | (11-108)

*includes admissions not attributable to pollutants from the wildfire

Estimates of health-related economic benefits of prevented hospital admissions and prevented

deaths and estimates of intervention costs are provided in Table 8. With interventions in all

homes, the central estimates of the economic benefits from avoided respiratory

hospitalizations during the wildfire period range from $1 million to $5.8 million, while the

economic benefits of reduced mortality range from $75 million to $416 million. The economic

benefits from avoided hospitalizations for the four specific types of respiratory health effects

are a subset of the economic benefits from avoided hospitalizations for all respiratory health
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effects. Operating HVAC system fans continuously during the wildfire period in the 6.92 million
homes is projected to increase electricity costs by $110 million, approximately $16 per house.
The incremental cost of purchasing higher efficiency filters for home HVAC systems and
operating HVAC fans continuously is $133 million. The energy costs of operating the portable
air cleaners is $16 million for the Brand X unit and $13 million for the Brand Y unit, or $2.3 and
$1.9 per house, which is far lower than the energy cost for continuous HVAC fan operation. The
portable air cleaners are more energy efficient than central HVAC systems in removing particles
because of their lower fan power per unit air flow and higher particle removal efficiency. If the
costs of portable air cleaners are included in intervention costs, total intervention costs for the
$6.2 million homes range from $1.7 trillion to $4.4 trillion, although it is unlikely that large
numbers of home owners would purchase portable air cleaners solely for use during a 10 day

period of wildfire smoke exposure.

With interventions only in the 22% of homes housing elderly, the projected economic benefits
of reduced hospitalizations remain similar in magnitude, while the projected mortality related
economic benefits increase due to the aforementioned increase in projected prevented deaths.

However, intervention costs decrease by almost 80%.

With interventions in all homes, the intervention costs always far exceed the economic benefits
from reduced hospitalizations. However, the economic benefits of reduced mortality
substantially or greatly exceed the intervention costs of interventions il1- i3 that do not use

portable air cleaners. The mortality-related benefits are not sufficient to pay for portable air
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cleaner purchases, but greatly exceed the cost of portable air cleaner operation. With
interventions only in the homes of the elderly, intervention costs still exceed the economic
benefits from reduced hospitalizations. Also, the economic benefits of reduced mortality
greatly exceed the intervention costs of interventions il- i3 that do not use portable air
cleaners. However, the total economic benefits from reduced hospitalizations and deaths are

sufficient to pay for purchase of the less expensive Brand X air cleaners.
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Table 8. Economic benefits and costs of interventions.

Health-related economic benefits ($

Intervention costs ($Smillion)

million)
HVAC Total cost
All Sum of incre- | Port-able excluding Total cost
All respira- | Port- |HVAC incre- § Portable including cost
. res- four Mor- . mental filter ) K cost of
Intervention ) : tory plus | able air mental . filter equip- of any
pira- out- | tal-ity . filter cost | energy portable )
mortal-ity | cleaner |energy cost ment cost . portable filter
tory | comes cost filter .
. equipment
equipment
Interventions in all homes
(i1) Low 2.4 1.3 169
efficiency (1.5- (0.8- (33- (341_73134) None 1%0 0 0 0 -—- 110
continuous 3.7) 2.4) 332)
(i2) High 4.5 2.5 321
efficiency (2.9- (1.4- (63- (653-26534) None 1%0 23 0 0 - 133
continuous 7.1) 7.6) 632)
(i3) High 1.0 0.6 75 76
efficiency (0.7- (0.3- (15- (15-147) None 0 23 0 0 - 23
intermittent | 1.6) 0.8) 147)
@ow | 49 | 58 | 349 Brandx | 10 0 16 1660 126 1790
efficiency (3.1- (1.6- (68- 354 -
continuous 7.7) 9.1) 688) (71-691) Brand 110 0 13 4220 123 4350)
+ Portable Y
(i5) High 58 16 Brand 110 23 16 1660 149 1810)
efficiency (3.7- 3.3 (81- 422 X
i ) 1.9-14 4-82
continuous 9.2) (1.9-14) 820) (84-823) Brand 110 23 13 4220 146 4370
+ Portable Y
. 45 | 25 | 321 Brand 0 0 16 1660 16 1680
(i6) Portable (2.9- (1.4- (63- 326 X
fil ) . . )
ilter unit 7.1) 7.6) 633) (65-636) Br?(nd 0 0 13 4220 13 4240
Interventions in homes with residents age 2 65
(i1) Low 1.9 245 a
efficiency (1.0- 1;22(2')5 (48— 241718(2? None 24 0 0 0 - 24
continuous 3.5) ' 483)
(i2) High 35 458 _
efficiency (1.9 - 2;39(2')9 (90— 46;(52)1 None 24 5.1 0 0 - 29
continuous 6.5) ' 903)
(i3) High 0.8 109
efficiency (0.5 - 0;50(2')2 (21— 1121(2)2 None 0 5.1 0 0 - 5.1
intermittent | 1.6) ' 215)
(i) Low | g 408 Brand X 3.5 365 28 393
efficiency 2.5(1.0 502 (99 -
continuous (2.1- 11) (07 = 984) Brand 24 0
- 2.9 928 28 956
+ Portable 7-1) 982) Y
(i5) High Brand
. 3.5 365 33 398
efficiency (;E?— 29(11 (iig_ 595 (118 — X 24 51
continuous 8.4) -18) 1163) 1166) Brand 29 928 32 960
+ Portable Y
Brand
(i6)Portable | 3% |22(0.0| **? | aas(s8- | x 35 365 35 368
filter unit (18- -8.5) (86— 873) Brand 0 0
6.3) ' 871) Y 2.9 928 2.9 931
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DISCUSSION

Based on this analysis, interventions that increased particle filtration rates in all homes would
have prevented 47 to 261 respiratory hospital admissions associated with the wildfire in
Southern California in 2003. However, the fraction of the exposed population with a hospital
admission attributable to wildfire smoke is small, thus, the costs of implementing filtration-
based interventions in every household far exceeds the economic benefits of reduced hospital
admissions. Targeting the interventions only at the homes of the elderly, i.e., homes with
residents age 65 or higher, reduces intervention costs by almost 80% while health benefits
remain similar in magnitude. If the elderly remain at home during the period of wildfire smoke
exposure, the interventions are more effective in reducing PM2.5 intake and associated

hospitalizations.

Interventions in all homes are projected to prevent PM2.5-related deaths during the wildfire
period by 9 to 52, which compares to the estimated 133 total excess cardiorespiratory deaths
during the wildfire period. The estimated economic value of the prevented deaths far exceeds
intervention costs for interventions that do not use portable air cleaners. For the interventions
that incorporate portable air cleaner use, mortality-related economic benefits exceed
intervention costs as long as the cost of the air cleaners, which have a multi-year life, are not
attributed to the ten day wildfire period. Cost effectiveness is improved by performing
interventions on in the homes of the elderly, particularly if the elderly remain indoors at home

during the period of wildfire smoke exposure.
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Two studies were identified that experimentally evaluated the use of air cleaners in homes
during wildfires. Barn et. al. (2008) found that portable air cleaner operation during summer
wildfire periods in 17 homes reduced indoor PM2.5 from outdoors by 65 +35%. Ratios of the air
cleaners’ CADR values to house volumes were not provided. Henderson et. al. (2005) studied
five pairs of homes exposed to wildfire smoke, and operated air cleaners in one home of each
pair. Applying a model to the data, the authors estimated that the air cleaners reduced indoor
PM2.5 concentrations by 63% to 88%. Ratios of the air cleaners’ CADR values to home volumes
ranged from 0.85 h'* to 2.37 h'}, and averaged 1.8 h'l. Among our scenarios, i4 and 16, are most
appropriately compared to these empirical findings. In i4, a forced air system containing a
typical low efficiency particle filter and a portable air cleaner with CADR of one indoor air
volume per hour were operated continuously and the predicted decrease in PM2.5 in the home
was 51%. In i5, there was no forced air system but an air cleaner with a CADR of one indoor air
volume per hour was operated continuously and the predicted decrease in PM2.5 in the home
was 45%. These predicted reductions in indoor PM2.5 are moderately lower than the
empirically-measured reductions. The discrepancy between our predictions and the data of

Henderson is consistent with expectations given the different ratios of CADR to home volume.

To the best of our knowledge, this paper provides the first detailed assessment of the benefits
and costs of using particle filtration interventions to reduce the adverse health effects
associated with a wildfire. Strengths of this analysis include the use of a model that accounts for
PM2.5 exposures and inhalation throughout the day, the extensive effort given to utilize the

best available values for model input parameters, and the evaluation of multiple interventions.
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Data are not available to empirically validate the predicted benefits of the filtration
interventions; however, use of high efficiency particle filters during a wildfire in 1999 was

associated with decreased reporting of lower respiratory symptoms (Mott et. al., 2002).

As is typical, the analysis has numerous limitations. While 43 of 45 studies reviewed by Liu et.
al. (2015) found that wildfire smoke exposure increases hospital admission rates or contacts
with hospitals or clinics, fewer studies have assessed the effects of wildfires on mortality and
the findings have been less consistent, with nine of 13 studies reporting statistically significant
increases in mortality (Liu et. al., 2015). Because the concentrations and duration of wildfire
smoke exposure vary greatly among studies, variable findings are expected. Nevertheless, the
predicted reductions in mortality with filtration interventions appear to be less certain than the
predicted reductions in respiratory hospitalizations because wildfires are less consistently

linked to mortality.

The focus of the analysis only on the period of wildfire smoke exposure is an important
limitation to the analysis of prevented hospital admissions. There may have been substantial
wildfire-related hospital admissions that occurred after the period of wildfire smoke exposure
(Delfino et. al., 2009). The modeling did not account for reductions of any of these post-wildfire

admissions.

Our analysis relied on data relating hospital admissions and deaths to increases in PM2.5

concentrations; however, some of the health effects may be attributable to wildfire-generated
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gaseous air pollutants such as nitrogen oxides and aldehydes. The modeling did not address the

effects of the air cleaners on gaseous air pollutants.

The PM2.5 removal efficiencies of the filters used in the forced air heating and cooling systems
of homes were based on typical size distributions of urban outdoor particles. If particles from
wildfires tend to be smaller than typical urban-air particles, the modeling will have over-
estimated reductions in indoor air particle concentrations, particularly for intervention il that

relies on a typical low-efficiency filter.

Some of the interventions evaluated may have already been implemented in a subset of homes
during the 2003 wildfire, reducing the number of homes in which the modeled interventions
could be added. For example, if 10% of home owners operated portable air cleaners during the
2003 wildfire period, the health benefits of intervening in the remaining 90% of homes would
be roughly 90% of our predicted health benefits. We did not find data for estimating the extent

to which the interventions were already implemented.

The analysis considered only the implementation of interventions in all homes and in the subset
of homes with elderly. Interventions could also be targeted at homes of residents with pre-
existing respiratory or cardiovascular diseases such as asthma. Such a targeting would likely

improve cost effectiveness.
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Study limitations include reliance on steady state mass balance models and the assumption of
well mixed indoor air; however, given the ten-day exposure period and the almost seven million
homes the influence of time variable conditions and imperfect indoor air mixing are likely to
average out, leading to modest associated errors. In some homes, portable air cleaners may be
installed near to where people spend the majority of time leading to larger reductions in PM2.5
intake than indicated by the model. In other homes, air cleaners may be installed where people
are often not located, leading to smaller reductions on PM2.5 intake than predicted. Thus, the
predicted benefits of the filtration interventions should not be applied to individual homes,
rather, the predictions apply to the population of homes. Spatial variability in the outdoor air
PM2.5 concentration was also ignored. The analysis by Wu et. al. (2006) indicates substantial
spatial variability in the outdoor PM2.5 concentration during the wildfire period. However, this
spatial variability appears unlikely to substantially bias our overall results. At locations with
above-average PM2.5 concentrations, the benefits of filtration interventions will be higher than
modeled while at locations with lower-than-average PM2.5 concentrations, the benefits of
filtration interventions will be less than modeled. The modeling of PM2.5 exposure outside of
the home has been greatly simplified. The assumption that deaths are proportional to total
PM2.5 intake is unverified but is probably the best possible assumption given available data,
and results differed little when the exponential dose-response model was used. The modeling
relied on dose-response parameters from studies that assumed no threshold in the relationship
of wildfire PM2.5 concentrations with hospitalizations and deaths. For consistency, this current
analysis also assumes that there are no thresholds in the dose-response relationships; however,

the prior research has not proven that there are no thresholds.

32



There have been some changes in home characteristics and electricity prices since 2003 that
will influence the effectiveness of cost of the interventions. New homes tend to be more
airtight with ventilation provided mechanically. Usually, the ventilation systems (typically
exhaust fans) do not filter the incoming air; however, the lower ventilation rates of new homes
may increase the extent to which people are sheltered from outdoor air particles. Turning off
the mechanical ventilation when smoke levels are highest would increase the extent of
sheltering and may be a viable mitigation option. The cost of electricity used in calculations was
based on the average residential electricity price in California in 2003, which was the year of the
wildfire. Today’s electricity prices are higher and today there is a more of an increase in
electricity price as the quantity of electricity use increases. Consequently, the cost of electricity

used in future implementations of the interventions would exceed the costs reported in this

paper.

The interventions could be implemented continuously, as opposed to just during the period of
wildfire smoke exposure, and reduce the adverse health effects associated with typical daily
particle exposures. Prior analyses, (Fisk 2013, Zhao et. al., 2015) indicate that filtration
interventions would substantially decrease mortality attributable to particle exposures and that

the associated economic benefits usually far exceed costs.

Readers should keep in mind that the filtration interventions evaluated in this paper represent

one set of multiple options for reducing the adverse health effects of wildfire smoke. Other
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options may include relocation of the most susceptible people away from the smoke, use of
respirators, prophylactic medications, and public service announcements that, for example,
advise people to stay indoors with windows closed. Home envelope tightening, and use of

home mechanical ventilation systems that filter incoming outdoor air, may be a viable long-

term option.

ACKNOWLEDGMENTS

This study was funded through interagency agreement DW- 89-92337001 between the Indoor
Environments Division, Office of Radiation and Indoor Air of the U.S. Environmental Protection
Agency (EPA) and the U. S. Department of Energy under contract DE-AC02-05CH11231. The
author thanks Greg Brunner for program management and review of a draft and Jenny Logue

and Laura Kolb for reviewing a draft of a document on which this paper was based.

REFERENCES

Abt Associates (2003) U.S. Version, BenMap environmental benefits mapping and analysis program, user
manual, Bethesda, MD, Abt Associates.

Barn, P., Larson, T., Noullett, M., Kennedy, S., Copes, R. and Brauer, M. (2008) Infiltration of forest fire
and residential wood smoke: an evaluation of air cleaner effectiveness, Journal of Exposure
Science and Environmental Epidemiology, 18, 503-511.

Batterman, S., Du, L., Mentz, G., Mukherjee, B., Parker, E., Godwin, C., Chin, J.Y., O'toole, A., Robins, T.
and Rowe, Z. (2012) Particulate matter concentrations in residences: an intervention study
evaluating stand-alone filters and air conditioners, Indoor Air, 22, 235-252.

Confalonieri, U., Menne, B., Akhtar, R., Ebi, K.L., Hauengue, M., Kovats, R.S., Revich, B. and Woodward,
A. (2007) Human health, Climate Change 2007: Impacts, Adaptation and Vulnerability.
Contribution of Working Group Il to the Fourth Assessment Report of the Intergovernmental
Panel on Climate Change.

Delfino, R.J., Brummel, S., Wu, J., Stern, H., Ostro, B., Lipsett, M., Winer, A., Street, D.H., Zhang, L. and
Tjoa, T. (2009) The relationship of respiratory and cardiovascular hospital admissions to the
southern California wildfires of 2003, Occupational and Environmental Medicine, 66, 189-197.

Energy Information Administration (2015) Table 5.6.A. Average retail price of electricity to ultimate
customers by end-use sector, by state, July 2004 and 2003.

34



EPA (2011a) The benefits and costs of the Clean Air Act from 1990 to 2020 Vol.
http://www.epa.gov/cleanairactbenefits/feb11/fullreport rev a.pdf, Washington, DC, U.S.
Environmental Protection Agency.

EPA (2011b) Exposure factors handbook, 2011 edition EPA/600/R-09/052F, Washington, DC, U.S.
Environmental Protection Agency.

Fisk , W.J. (2013) Health benefits of particle filtration, Indoor Air, 23, 357-368.

Fisk , W.J. (2015) Review of some effects of climate change on indoor environmental quality and health
and associated no-regrets mitigation measures, Building and Environment, 86, 70-80.

Hasegawa, K., Tsugawa, Y., Brown, D.F., Mansbach, J.M. and Camargo, C.A., Jr. (2013) Trends in
bronchiolitis hospitalizations in the United States, 2000-2009, Pediatrics, 132, 28-36.

Henderson, D.E., Milford, J.B. and Miller, S.L. (2005) Prescribed burns and wildfires in Colorado: impacts
of mitigation measures on indoor air particulate matter, Journal of the Air & Waste
Management Association, 55, 1516-1526.

Industrial Economics Inc. (2011) Health and welfare benefits analyses to support the second Section 812
benefit-cost analysis of the clean air act, Cambridge, MA, Industrial Economics, Inc.

Johnston, F.H., Henderson, S.B., Chen, Y., Randerson, J.T., Marlier, M., Defries, R.S., Kinney, P., Bowman,
D.M. and Brauer, M. (2012) Estimated global mortality attributable to smoke from landscape
fires, Environmental Health Perspectives, 120.

Kim, Y.H., Tong, H., Daniels, M., Boykin, E., Krantz, Q.T., Mcgee, J., Hays, M., Kovalcik, K., Dye, J.A. and
Gilmour, M.I. (2014) Cardiopulmonary toxicity of peat wildfire particulate matter and the
predictive utility of precision cut lung slices, Part Fibre Toxicol, 11, 29.

Klepeis, N.E., Nelson, W.C., Ott, W.R., Robinson, J.P., Tsang, A.M., Switzer, P., Behar, J.V., Hern, S.C. and
Engelmann, W.H. (2001) The National Human Activity Pattern Survey (NHAPS): a resource for
assessing exposure to environmental pollutants, Journal of exposure analysis and environmental
epidemiology, 11, 231-252.

Kochi, I., Champ, P.A., Loomis, J.B. and Donovan, G.H. (2012) Valuing mortality impacts of smoke
exposure from major southern California wildfires, Journal of forest economics, 18, 61-75.

Kochi, I., Donovan, G.H., Champ, P.A. and Loomis, J.B. (2010) The economic cost of adverse health
effects from wildfire-smoke exposure: a review, International Journal of Wildland Fire, 19, 803-
817.

Langmann, B., Duncan, B., Textor, C., Trentmann, J. and Van Der Werf, G.R. (2009) Vegetation fire
emissions and their impact on air pollution and climate, Atmospheric Environment, 43, 107-116.

Liu, J.C., Pereira, G., Uhl, S.A., Bravo, M.A. and Bell, M.L. (2015) A systematic review of the physical
health impacts from non-occupational exposure to wildfire smoke, Environmental research, 136,
120-132.

Mak, H.K., Chan, D.W., Law, L.K. and Tung, T.C. (2011) A Detailed Study of Window-typed Air-
Conditioner Filtration of PM2. 5 in Residential Buildings of Hong Kong, Indoor and Built
Environment, 20, 595-606.

Mott, J.A., Meyer, P., Mannino, D., Redd, S.C., Smith, E.M., Gotway-Crawford, C. and Chase, E. (2002)
Wildland forest fire smoke: health effects and intervention evaluation, Hoopa, California, 1999,
The Western journal of medicine, 176, 157-162.

Proctor, J. and Parker, D.S. (2000) Hidden power drains: residential heating and cooling fan power
demand, Proceedings of the 2000 Summer Study on Energy Efficiency in Buildings, Vol. 1:225 -
234, Pacific Grove, CA, American Council for an Energy-Efficient Economy.

Rappold, A.G., Fann, N.L., Crooks, J., Huang, J., Cascio, W.E., Devlin, R.B. and Diaz-Sanchez, D. (2014)
Forecast-based interventions can reduce the health and economic burden of wildfires, Environ
Sci Technol, 48, 10571-10579.

35


http://www.epa.gov/cleanairactbenefits/feb11/fullreport_rev_a.pdf

RTI International (2015) BenMAP community edition, environmental benefits mapping and analysis
program community edition, users manual, appendices,
http://www?2.epa.gov/sites/production/files/2015-04/documents/benmap-
ce user manual appendices march 2015.pdf.

Spracklen, D.V., Mickley, L.J., Logan, J.A., Hudman, R.C,, Yevich, R., Flannigan, M.D. and Westerling, A.L.

(2009) Impacts of climate change from 2000 to 2050 on wildfire activity and carbonaceous
aerosol concentrations in the western United States, J. Geophys. Res.-Atmos., 114.

Stephens, B., Novoselac, A. and Siegel, J.A. (2010) The effects of filtration on pressure drop and energy
consumption in residential HVAC systems (RP-1299), Hvac&R Research, 16, 273-294.

Swiston, J.R., Davidson, W., Attridge, S., Li, G.T., Brauer, M. and Van Eeden, S.F. (2008) Wood smoke
exposure induces a pulmonary and systemic inflammatory response in firefighters, European
Respiratory Journal, 32, 129-138.

Tan, W.C,, Qiu, D., Liam, B.L., Ng, T.P., Lee, S.H., Van Eeden, S.F., D'yachkova, Y. and Hogg, J.C. (2000)
The human bone marrow response to acute air pollution caused by forest fires, American
Journal of Respiratory and Critical Care Medicine, 161, 1213-1217.

U. S. Census Bureau (2014) American fact finder, Vol. 2014,
http://factfinder.census.gov/faces/nav/jsf/pages/index.xhtml, U.S Department of Commerce.

U.S. Census Bureau (2012) Statistical abstract of the United States - 2012, In: Bureau, U. S. C. (ed),
Washington, DC.

Vershaw, J., Siegel, J.A., Chojnowski, D.B. and Nigro, P.J. (2009) Implications of filter bypass, ASHRAE
Transactions, 115, 191-198.

Walker, 1.S., Faulkner, D., Dickerhoff, D. and Turner, W.J.N. (2013) Energy implications of in-line filtration

in California homes, ASHRAE Transactions, 113.

Wu, J., Winer, A.M. and Delfino, R.J. (2006) Exposure assessment of particulate matter air pollution
before, during, and after the 2003 Southern California wildfires, Atmospheric Environment, 40,
3333-3348.

Zhao, D., Azimi, P. and Stephens, B. (2015) Evaluating the long-term health and economic impacts of
central residential air filtration for reducing premature mortality associated with indoor fine
particulate matter (PM2. 5) of outdoor origin, International journal of environmental research
and public health, 12, 8448-8479.

36


http://www2.epa.gov/sites/production/files/2015-04/documents/benmap-ce_user_manual_appendices_march_2015.pdf
http://www2.epa.gov/sites/production/files/2015-04/documents/benmap-ce_user_manual_appendices_march_2015.pdf
http://factfinder.census.gov/faces/nav/jsf/pages/index.xhtml

SUPPORTING INFORMATION FOR
Health Benefits and Costs of Particle Filtration Interventions in Homes during
Wildfire Smoke Exposure

W. J. Fisk and W. R. Chan
Indoor Environment Group, Lawrence Berkeley National Laboratory
1 Cyclotron Road, Berkeley, CA 94720

wifisk@lbl.gov
SUPPLEMENTAL INFORMATION

Table of Contents

NOMENCIATUIE ...ttt ettt s bt s ae e st e s e e b e e bt e s bt e sae e eab e et e esbeesheesatesanesabeebeennes 38
Y oo =TI o] o1V A = =L = o<1 5SS 40
Figure Al. Residential ventilation rates. ........eoiiiuiiiiieciie e e e 40
Figure A2. Workplace ventilation rates. .....c.uuiiiiciieeicieee ettt e e e st e e e st e e e s 41
Figure A3. Air recirculation rates at Workplaces. .......ccuveiieciiiiicciiie e 41
Table Al. Cumulative distribution of mechanical recirculation air flow rate (Arw)....ccocoeeeevrieeerciineeennns 43
Figure A4, Penetration faCtOr. . .....oii ettt e et e e e et te e e e e ett e e e e e bte e e e ebteeeeebtaeeesnteeaesnnes 43
Figure A5. Rate of particle removal by deposition on indoor surfaces (Ap). ....ccoceeeveercreeecieenieeecieeenne, 44
Figure A6. Air flow rate of home forced air heating and air conditioning systems in homes. ............... 44
FIBUIE A7, DULY CYCIB. ..ttt ettt e e et e e e e tte e e e e ebte e e e ebteeeesbteeaesstaeaesstaeassnssanaesnnes 45
Figure A8. PM2.5 removal efficiency values of filters.........coueiieciiei e 46
Figure A9. Ratios of PM2.5 concentrations in vehicles to outdoor air concentrations. ............cccueee...... 46
FIZUre AL0. HOUSE VOIUME. ..ueiiiiiie e ciiieeeee ettt e e e e ettt e e e e e e e e st ae e e e e e e e e s anbaaeeeeeaesesannstsaneeeessesannnrnns 47
Table A2. Times and inhalation rates in different environment types. ........ccceecvieeicciieececiiee e 49
Y0 o] o1 1T o = g = 1B 2 =T U SR RURRRN 49
Figure A11. Predicted cumulative distributions of PM2.5 concentrations..........cccccceeeveeeeeciieeeccieeeeenns 49
Figure A12. PM2.5 intake rates for baseline cases and with interventions in all homes. ...................... 50

Table A3. Predicted population mean equivalent outdoor air PM2.5 concentration Cor when the
outdoor air PM2.5 concentration is 56.9 UZ/M3. ........ovoiiiiiieiieeeieeeeeee ettt eneerens 50
Table A4. Summary of health benefits and costs of interventions that reduce indoor exposure to PM3s

Lo LU oY= o § T TP PR 51


mailto:wjfisk@lbl.gov

References

Nomenclature

Symbol Parameter

A; Total hospital admissions in study period for health effect j

Bua Inhalation air intake rate when home and awake

Bo Inhalation rate when outdoors

Bs Inhalation rate when home and sleeping

By Inhalation rate when in a vehicle

Bw Inhalation rate when indoors away from home

Ca: PM2.5 concentration at home for baseline condition B1

Caz PM2.5 concentration at home for baseline condition B1

Cn PM2.5 concentration at home for intervention N

Co PM2.5 concentration outdoors

Cor Equivalent outdoor air PM2.5 concentration

Cv PM2.5 concentration in vehicles

Cw PM2.5 concentration when indoors away from home

D Duty cycle, i.e., fraction of time the fan of the forced air heating and cooling system operates

En Expense of intervention N

En Incremental cost of high efficiency filter

Ep Cost of portable air cleaner

Fn Economic value of prevented deaths for intervention N

G Electricity price

Ig1 Total PM2.5 intake for baseline condition B1

Ig2 Total PM2.5 intake for baseline condition B2

In Total PM2.5 intake for intervention condition N

Kz1, K2 Constants relating PM2.5 concentrations in home to outdoor air PM2.5 concentration, for
baseline condition B1 and B2

Kn Constant relating PM2.5 concentrations in home to outdoor air PM2.5 concentration, for
intervention condition N

Ky Constant relating PM2.5 concentrations in vehicle to outdoor air PM2.5 concentration

Kw Constant relating PM2.5 concentrations indoors away from home to outdoor air PM2.5
concentration

My Number of deaths prevented by intervention N

N; Total number of hospital admissions for outcome j during the wildfire period

P Particle penetration factor, i.e., the fraction of particles that penetrate through the building
envelope during air infiltration

Q Air flow rate in the home’s forced air heating and cooling system divided by the indoor volume

Qr Air flow rate in the portable air cleaner divided by the indoor volume

R; Fractional reduction in hospitals admission rate for respiratory effect j

RR;post witasie | Relative rate of hospital admissions for respiratory health outcome j during post wildfire period,
assigning a relative rate of unity to the pre-wildfire period

RR;, widfire Relative rate of hospital admissions for respiratory health outcome j during wildfire period,
assigning a relative rate of unity to the pre-wildfire period

S; Number of prevented admissions to the hospital for respiratory effect j
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To, Ts, Tha,

Time spent outdoors (subscript O), home asleep (subscript S), home awake (subscript HA)

Tw, Ty indoors away from home (subscript W), | vehicles (subscript V)

Up Economic value of an avoided death

U; Economic value of a prevented hospital admission for respiratory effect j

4 House volume

Vr Economic value of prevented hospital admissions

X Fractional change in hospital admissions for health outcome “j” per 10 ug m3 change in
outdoor air PM2.5 concentration

Y Number of hospital admissions per day for respiratory effect j in the pre-wildfire period

Z Power consumption of the forced air heating and cooling system fan per unit air flow

Zp Power consumption of the portable air cleaner fan per unit air flow

& PM2.5 removal efficiency of the higher efficiency filter in the forced air system during
interventionsi2, i3, and i5

& PM2.5 removal efficiency of the low efficiency filter normally used in the forced air heating and
cooling system of the home

& PM2.5 removal efficiency of the portable air cleaner

sw PM2.5 removal efficiency of the particle filter used for buildings other than the home

Al Reduction in PM2.5 inhalation intake attributable to intervention

Ao Rate of particle removal by deposition on indoor surfaces, normalized by indoor volume

Aow Rate of particle removal by deposition on indoor surfaces in buildings other than the home,
normalized by indoor volume

Ar Rate of particle removal by the home’s forced air heating and air conditioning system in the
absence of an intervention, normalized by indoor volume

Aw Air infiltration rate in buildings other than the home, normalized by indoor volume

Amw Flow rate of outdoor air supplied mechanically in buildings other than the home, normalized by
indoor volume

An Rate of particle removal by filtration in the home during intervention N, normalized by indoor
volume

Arw Mechanical recirculation air flow rate in buildings other than the home, normalized by indoor
volume

Av Infiltration ventilation rate of the home, normalized by indoor volume

Avw total ventilation rate in buildings other than homes
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Model Input Parameters

The distribution of home ventilation rate (Av ) is shown if Figure Al. The geometric mean (GM) and
geometric standard deviation (GSD) were calculated empirically from the weighted sum of three
distributions based on data from Southern California homes as reported by Wilson et. al. (1996)
[distributions | and ii] and Yamamoto et. al. (2010) [distribution iii]. Much of the available data are from
measurements during the winter of 1985. Due to the widespread implementation, since 1985, of home
envelope sealing to increase home energy performance, today’s homes may have lower infiltration
rates.

o
o —
™ —— GM=0.60, GSD = 2.32
— —— ([HN=372
o (i) N =75
3 7 — (i)N=34
n _
=
o
S g A
o
O p—
—
o p—

Figure S1. Residential ventilation rates.

The ventilation rates in commercial buildings (Avw), shown in Figure A2, were assumed to follow a
lognormal distribution with the GM and GSD calculated from measurements from four studies (Persily
and Gorfain, 2008, Bennett et. al., 2012, Chan et. al., 2014, Mendell et. al. , 2015). In some commercial
buildings, those with economizer systems, the mechanically supplied ventilation rates are set to a
minimum when it is warm outdoors and energy-intensive cooling is needed. Other commercial buildings
have no economizers so the mechanical ventilation rate is not modulated over time. During the 2003
wildfire period, weather was sufficiently hot to deactivate economizers, when present, resulting in
minimum ventilation rates. Only one of the three studies (Mendell et. al., 2015) provided data for
calculating minimum ventilation rates. These data are used together with the measured ventilation rates
from the other studies, which likely exceeded minimum rates in the subset of buildings that had
economizers. For the modeling, the total ventilation rate, for Ayw, must be apportioned into ventilation
by infiltration (Aw) and mechanical ventilation (Amw). Very few data are available on infiltration-based
ventilation rates in commercial buildings and the available data are almost exclusively from periods with
no mechanical ventilation. During periods of mechanical ventilation, in many buildings the rate of
infiltration is reduced because the mechanical ventilation systems seek to slightly pressurize buildings.
Based on the analysis of Rackes and Waring (2015), we assumed a value of 0.1 h'! for Aw. Fortunately,
the results of this analysis are not highly sensitive to the commercial building ventilation rates.
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Figure S2. Workplace ventilation rates.

The mechanical recirculation air flow rate (Arw) shown in Figure A3 was based on data from (Persily and
Gorfain, 2008). A curve fit to the cumulated distribution (red line) is used to model this parameter. The
associated frequency data are shown in Table Al
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Figure S3. Air recirculation rates at workplaces.
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Table S1. Cumulative distribution of mechanical recirculation air flow rate (Agw).

Percentile Arw Percentile Arw Percentile Arw
0.02 0 0.35 2.02 0.7 4.07
0.05 0 0.4 2.21 0.75 4.46
0.1 0.29 0.45 2.37 0.8 5.25
0.15 0.98 0.5 2.67 0.85 6.00
0.2 1.28 0.55 3.12 0.9 7.41
0.25 1.58 0.6 3.44 0.95 9.06
0.3 1.75 0.65 3.77 0.99 12.2

The penetration factor (P),shown in Figure A4, was assumed to follow a cropped normal distribution
with values between 0 and 1. The mean and standard deviation of the normal distribution were

weighted values calculated from measurement in 37 homes by Williams et. al. (2003) and 293 homes by
Ozkaynak et. al. (1996).
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Figure S4. Penetration factor.

The rate of particle removal by deposition on indoor surfaces (Ap) shown in Figure A5 was assumed to

0.6

0.7 0.8

1.0

follow a normal distribution. The mean and standard deviation of the normal distribution were weighted

values calculated from measurements in 37 homes by Williams et. al. (2003) and in 293 homes by

Ozkaynak et. al. (1996).
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Figure S5. Rate of particle removal by deposition on indoor surfaces (Ap).

The air flow rate of the forced air heating and air conditioning system in homes divided by the indoor
volume (Q) is shown in Figure A6. The GM and GSD were calculated from measurements from two
studies (Stephens et. al., 2011, Jump et. al., 1996).
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Figure S6. Air flow rate of home forced air heating and air conditioning systems in homes.

The fraction of time that the forced air fan in the home operates (D), sometimes called the duty cycle,
was assumed to follow a cropped normal distribution with values between 0 and 1 and is shown in
Figure A7. By far, the largest study of duty cycle is a study of 189 homes for a full year by Cetin and
Novoselac (2015). Based on this study, a duty cycle for southern California homes during the 2003
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wildfire was derived using a polynomial equation relating duty cycle with outdoor air temperature
together with historical temperature data during the 2003 wildfire period from a major city in each
county, with weighting by the population in each county.
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Figure S7. Duty cycle.

The distributions of PM2.5 removal efficiency of particle filters are show in Figure A8. The parameter &
is the PM2.5 removal efficiency of the low efficiency filter normally used in a residential forced air
system, gy is the PM2.5 removal efficiency of the higher efficiency filter in the forced air system during
interventions (averaging data for MERV 8 and MERV 10 filters), and ew is the PM2.5 removal efficiency
of filters in workplaces. The distributions of filter efficiency are assumed to follow a cropped normal
distribution, with values between 0 and 1. The PM2.5 removal efficiency of the standard low efficiency
filters in residential forced air systems was based on a small study of the efficiency ratings of filters used
in homes (El Orch et. al., 2014), a downward adjustment of efficiency rating for the few higher
efficiency filters to account for air leakage around high efficiency filters installed in homes (VerShaw et.
al., 2009), and the PM2.5 removal efficiency of filters with different efficiency ratings (Azimi et. al. ,
2014). For interventions i2 and i4, we assumed use of a higher efficiency filter, with a Minimum
Efficiency Reporting Value (MERV) rating of 12, in the forced air systems of homes. However, based on
estimates of the extent of air leakage around filters in residential forced air systems, the effective MERV
rating for a MERV 12 filter was assumed to be MERV 9 (VerShaw et. al., 2009). Azimi et. al. (2014)
provide PM2.5 removal efficiencies for MERV 8 and MERYV 10 filters, and the average of these two
reported efficiencies was employed in calculations. For work places, we assumed a MERYV 8 filter and
used efficiency data from (Azimi et. al., 2014).
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Figure S8. PM2.5 removal efficiency values of filters.

The ratio of PM2.5 concentrations in vehicles to outdoor air concentrations (Ky), shown in Figure A9,
was assumed to follow a cropped normal distribution with values between 0 and 1. This distribution was
based on the very limited data identified from the U.S. for cars with closed windows (Rodes et. al.,
1999). The four reported values ranged from 0.58 to 0.71.

© Mean = 0.6
Std Dev = 0.06

Density

Figure S9. Ratios of PM2.5 concentrations in vehicles to outdoor air concentrations.

House volumes (V) were estimated assuming an average ceiling height of 2.7 m and using floor-area
data for the Anaheim-Santa Ana, Los Angeles-Long Beach-Santa Ana, Riverside-San Bernardino-Ontario,
San Diego-Carlsbad-San Marcos metropolitan areas (U.S. Census Bureau, 2011). House volumes
approximately follow a lognormal distribution indicated by the red line in Figure A10.
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Figure S10. House volume.

Table A2 provides the model input values for times in different environments and inhalation rates. The
percentage times in environment types is based on the National Human Activity pattern Survey (Klepeis
et. al., 2001) with time spent sleeping based on the data from U.S. EPA’s Exposure Factors Handbook
(EPA, 2011) combined with data on population versus age (U. S. Census Bureau, 2014). The small error
estimates in the mean percentages of time spent in environment types was based on a comparison of
means from the National Human Activity Pattern Survey and the California Activity Pattern Survey
(Klepeis et. al., 2001).

Although detailed data are available on fraction of time at different metabolic rates and inhalation rates
as a function of metabolic rate, insufficient data were identified to characterize, in detail, metabolic
rates that occur in different locations. Total daily inhalation rates as a function of age are available (EPA,
2011) and were used together with population data (U. S. Census Bureau, 2014) by age for the six-
county region to estimate average total daily inhalation rates for all ages and for the sub population with
age of twenty or higher. We assumed that people have the same average inhalation rate when awake at
home, at other indoor locations, and in vehicles. We were able to estimate that average inhalation rates
when sleeping are 81% of inhalation rates when home and awake (EPA, 2011, Roy and Courtay, 1991)
and that the average inhalation rate when outdoors is, on average, 26% higher than the inhalation rate
when indoors (23% for the sub population with age of twenty or higher). Analyses of these data yielded
the estimates of inhalation rates Bo, Bs, Bua, Bw, Bv, within Table A2. Insufficient data were available to
calculate estimates of the uncertainties in mean inhalation rates without assumptions. For uncertainty
estimation we have assumed uncertainties of + 25%.
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Table S2. Times and inhalation rates in different environment types.

All Ages Age 220 Age 2 65
Time Inhalation Time Inhalation Inhalation
. . rate . . rate
Location | [estimated . [estimated rate Time .
. [estimated I s [estimated
variability] - variability] [variability] (%) I
(%) variability] (%) (m*hY) variability]
(m3 h-1) (m3 h-1)
Home at 37.0 0.58 34.6 0.61 36.2 0.52
sleep [36-38] [0.43-0.72] [33.6 —35.6] [0.46 —0.76] [0.39 - 0.65]
Home 32.0 0.71 33.6 0.75 63.8* 0.64
awake [31-33] [0.53-0.89] | [32.6—34.6] [0.57 —0.94] [0.48 -0.80]
Other 17.9 0.71 18.6 0.75 o* -
indoor [16.9 - 18.9] [0.53-0.89 [17.6 —19.6] [0.57 - 0.94]
Outdoor 7.5 0.83 7.2 0.86 o* -
[6.5—8.5] [0.62 -1.03] [6.2-18.2] [0.65 —1.08]
Vehicle 551 0.71 5.9 0.75 o* -
[4.5 to 5.5] [0.53-0.89 [4.9-6.9] [0.57 — 0.94]

*scenario assumes this subpopulation is home 100% of the time during the period of wildfire smoke exposure,
normally they are home 81% of the time (Klepeis et. al., 2001)

Supplemental Results
The predicted cumulative distributions of PM2.5 concentrations are shown in Figure A11.
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Figure S11. Predicted cumulative distributions of PM2.5 concentrations.

The Boxplots in Figure A12 show 5%, 25, 50", 75™" and 95™ percentiles of PM2.5 intake rates. The point
values are the predicted population mean PM2.5 intake rates. Equivalent outdoor air PM2.5
concentrations are provided in Table A3.
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Figure S12. PM2.5 intake rates for baseline cases and with interventions in all homes.

Table S3. Predicted population mean equivalent outdoor air PM2.5 concentration Coe
when the outdoor air PM2.5 concentration is 56.9 ug/m?3.

Interventions Coe Coe Coe
(All Ages) | (Age 220) | (Age = 65)
(i1) Low efficiency air filter (continuous operation) 47.9 48.0 41.5
(i2) High efficiency air filter (continuous) 39.8 39.9 28.2
(i3) High efficiency air filter (intermittent) 52.9 52.9 50.1
(i4) Low efficiency air filter (continuous) + portable filter unit 38.3 38.4 25.7
(i5) High efficiency air filter (continuous) + portable filter unit 34.8 34.8 19.9
(i6) Portable filter unit 39.8 39.8 29.2
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Table S4. Summary of health benefits and costs of interventions that reduce indoor exposure to PM; s during wildfires*

L. Interventions in All Homes Interventions in Homes w/
. Conditions .
Baseline or Reference Resident Age = 65
Intervention Condition Forced Air Efficiency of Continuously % Hospital % Premature % Hospital % Premature
code System Filter in Forced Operating Portable Admissions Deaths Admissions Deaths
Operation Air System Air Cleaner Avoided Avoided Avoided Avoided
B1 NA Intermittent Typical low No
B2 NA No forced air NA No
i1 B1 Continuous Typical low No 25 16 43 27
i2 B1 Continuous Upgraded to high No 48 30 81 50
i3 B1 Intermittent Upgraded to high No 11 7 20 12
i4 B1 Continuous Typical low Yes 53 32 88 55
i5 B1 Continuous Upgraded to high Yes 63 39 100+ 65
16 B2 No forced air NA Yes 48 30 78 49

*Table notes

e Combined benefits of avoided respiratory admissions and avoided premature deaths outweigh implementation costs in all cases
e For cases with portable air cleaners, assumes cost of portable air cleaner purchase is not attributed to wildfire period
e Health benefits are increased and cost effectiveness is improved when considering only homes of elderly (> age 65), assumed to stay

indoors at home during entire wildfire period
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